Hypoxic-ischemic encephalopathy (HIE) is a disease that occurs when the brain is subjected to hypoxia, resulting in neuronal death and neurological deficits, with a poor prognosis. The mechanisms underlying hypoxic-ischemic brain injury include excitatory amino acid release, cellular proteolysis, reactive oxygen species generation, nitric oxide synthesis, and inflammation. The molecular and cellular changes in HIE include protein misfolding, aggregation, and destruction of organelles. The apoptotic pathways activated by ischemia and hypoxia include the mitochondrial pathway, the extrinsic Fas receptor pathway, and the endoplasmic reticulum stress-induced pathway. Numerous treatments for hypoxic-ischemic brain injury caused by HIE have been developed over the last half century. Hypothermia, xenon gas treatment, the use of melatonin and erythropoietin, and hypoxic-ischemic preconditioning have proven effective in HIE patients. Molecular chaperones are proteins ubiquitously present in both prokaryotes and eukaryotes. A large number of molecular chaperones are induced after brain ischemia and hypoxia, among which the heat shock proteins are the most important. Heat shock proteins not only maintain protein homeostasis; they also exert anti-apoptotic effects. Heat shock proteins maintain protein homeostasis by helping to transport proteins to their target destinations, assisting in the proper folding of newly synthesized polypeptides, regulating the degradation of misfolded proteins, inhibiting the aggregation of proteins, and by controlling the refolding of misfolded proteins. In addition, heat shock proteins exert anti-apoptotic effects by interacting with various signaling pathways to block the activation of downstream effectors in numerous apoptotic pathways, including the intrinsic pathway, the endoplasmic reticulum-stress mediated pathway and the extrinsic Fas receptor pathway. Molecular chaperones play a key role in neuroprotection in HIE. In this review, we provide an overview of the mechanisms of HIE and discuss the various treatment strategies. Given their critical role in the disease, molecular chaperones are promising therapeutic targets for HIE.
Introduction
Hypoxic-ischemic encephalopathy (HIE) is a disease that occurs when the brain is subjected to hypoxia and ischemia. Neonates suffer from HIE most frequently due to birth asphyxia. HIE can also result from pathological conditions, such as cardiac arrest, the most common cause of HIE in adults (Chan et al., 2014) . Other causes of HIE include shock, cerebrovascular events, diffuse cerebral vasospasm, severe intracranial hypertension, carbon monoxide (CO) poisoning, and status epilepticus . The cerebral ischemia and hypoxia in HIE perturbs energy metabolism, leading to neurodegeneration and neurological deficits, resulting in a poor prognosis. It is a debilitating neurological disease in desperate need of effective treatment.
Although asphyxia in newborns and cardio-cerebrovascular events in adults both give rise to HIE, their pathogeneses differ substantially. In general, in neonates, the cessation of respiration initially causes hypoxemia, leading to a reduction in cardiac output, which finally results in cerebral ischemic and hypoxic injury . In comparison, adults primarily suffer brain ischemia as a result of cardiac arrest or cerebrovascular disease, and cerebral hypoxia is secondary to the reduced regional cerebral blood flow (Biagas, 1999) . Furthermore, the severity of brain injury caused by hypoxia and ischemia varies according to the maturity of the neuron. A previous study demonstrated that the immature brain has a stronger capacity to resist hypoxia and ischemia than the mature brain , although the mechanisms underlying this ability remain unknown. The mechanisms underlying the death of immature and mature neurons during hypoxia and ischemia are greatly different . Immature neurons can initiate the intrinsic apoptotic machinery upon ischemia, while this ability weakens gradually as the brain matures (Hu et al. 2000a, b; Liu et al., 2004a, b; Blomgren et al., 2007) . Studies are needed to compare the responses of the brain at different maturities to hypoxia and ischemia. Such studies should provide molecular targets for the treatment of hypoxic-ischemic brain damage in adults and neonates. Parcellier et al. (2003) found that heat shock proteins (HSPs), which are ubiquitous and highly conserved proteins that are induced in response to a wide variety of physiological and environmental insults, are induced in HIE. These proteins, which play essential roles in cellular housekeeping, help cells survive otherwise lethal conditions.
In this review, we describe the mechanisms of HIE and the various treatment approaches, with a focus on the molecular chaperones, which are promising therapeutic targets for brain injury in HIE.
Mechanisms of Hypoxic-Ischemic Brain Injury
The processes leading to neural injury after hypoxic-ischemic brain injury include excitatory amino acid (EAA) release, cellular proteolysis, free radical generation, nitric oxide (NO) synthesis, inflammation, and abnormal protein aggregation (Li et al., 2015; Yao et al., 2016; Zhao et al., 2016) . Hypoxic-ischemic insult to the brain leads to neuronal depolarization and massive EAA (e.g., glutamate [Glu] ) release, as well as a reduction in the activity of neurotransmitter reuptake pumps on presynaptic astrocytes (Zanelli et al., 2015) . This leads to the accumulation of Glu in the synaptic cleft, which in turn triggers the opening of N-methyl-D-aspartate (NMDA) receptor channels and calcium channels, leading to excessive calcium influx into neurons. This calcium influx activates nitric oxide synthetase (NOS), leading to abnormally high NO synthesis. NO reacts with oxygen free radicals generated by mitochondria upon reoxygenation following hypoxia, attacking enzymes associated with oxidative phosphorylation and electron transport (Blanco et al., 2017) . Calcium also activates other enzymes, including calpains and esterases (Zhong et al., 2016) . Together, these processes cause the necrosis and apoptosis of neurons via the activation of cell death cascades (Johnston et al., 2011) .
EAA release
The major EAAs in the central nervous system include Glu and aspartic acid (Asp), and Glu plays a dominant role (Xiang et al., 2006) . Excessive accumulation of Glu results in hyperactivation of Glu receptors, leading to a massive influx of Ca 2+ and Na + , which produces cellular swelling and calcium overload (Chao et al., 2010) . Glu is also closely associated with the concentration of reactive oxygen species (ROS). ROS trigger the opening of the mitochondrial permeability transition pore (MPTP) together with the Bcl-2 family of apoptosis-related proteins, and induce the release of cytochrome c from the mitochondrion into the cytoplasm (Yoshida et al., 1998) . Cytochrome c interacts with apoptotic protease activating factor-1 (Apaf-1) to form the apoptosome, which is then followed by caspase 9 activation and the initiation of the apoptotic cascade (Prentice et al., 2015) . In this mechanism of brain injury induced by EAA, called excitotoxicity, calcium overload and mitochondrial damage are two key steps in the progression to cell death (Salmina et al., 2011) .
Glu homeostasis is dependent on Glu transporters, including EAA transporters (EAATs) and cystine/Glu antiporters. EAATs play a principal role in the transport and elimination of Glu, preventing the excessive accumulation of the neurotransmitter in the synaptic cleft (Rothstein et al., 1996) . However, during cerebral hypoxia and ischemia, EAATs may release Glu, resulting in its accumulation in the intercellular space (Chen et al., 2005) .
Cellular proteolysis
During ischemia and hypoxia, the calcium overload impairs cellular homeostasis and leads to the activation of hydrolytic enzymes that degrade proteins (Willis et al., 2016) . Many recent studies have focused on calpain (a calcium-dependent cysteine protease). The activation of calpain by the calcium influx plays an important role in EAA neurotoxicity (Siman et al., 1989) . When neurons are stimulated by EAA, calpain-1 is activated and cytoskeletal proteins are hydrolyzed (Rosenkranz et al., 2012) . Furthermore, calpain is involved in cell death (Blomgren et al., 2001) and participates in the endogenous apoptosis pathway (Choi, 1992) . In global brain ischemia models, inhibition of calpains protects against hippocampal dysfunction and neuronal cell death (Bevers et al., 2010) .
ROS generation
ROS are extremely reactive molecules that include NO, superoxide, peroxynitrite and the hydroxyl radical. NOS is strongly activated by the influx of calcium, and NO reacts with superoxide produced by mitochondrial stress to generate the highly toxic peroxynitrite anion, which in turn causes the nitration of tyrosine residues, protein damage and organellar dysfunction through lipid peroxidation (Beckman et al., 1990) . NO also inhibits the activity of cytochrome oxidase, thereby affecting mitochondrial respiratory function. This leads to further increases in peroxide and peroxynitrite levels (Blomgren and Hagberg, 2006; Robertson et al., 2009) .
NO synthesis
Animal experiments show that NOS is induced during ischemia and hypoxia. Inhibiting the activity of NOS reduces iron deposition and NO generation, thereby reducing the death of neurons (Lu et al., 2015) . NO plays a dual role in hypoxic-ischemic brain injury. In the pathological state, NO perturbs neurotransmitter release, impairs protein synthesis and induces membrane damage. However, NO also appears to play a neuroprotective role. Rapidly increasing endothelial nitric oxide synthase (eNOS) activity elevates NO production and accelerates cerebral blood flow after hypoxic-ischemic brain injury. Indeed, Yamamoto et al. (1992) inhibited NOS activity using N-nitro-L-arginine methyl ester (a competitive inhibitor), resulting in an increase in infarct area in rats with hypoxic-ischemic brain injury.
Inflammation
Inflammation is an important component of the excitotoxic cascade. Hypoxic-ischemic brain injury activates inflammatory cells and increases ROS production and the expression of inflammatory mediators, such as interleukin (IL)-1β and IL-18 (Bhalala et al., 2015) . Oxidative stress is a common feature of all inflammatory cascades in hypoxic-ischemic brain injury (Le Thuc et al., 2015) . During inflammation, activated astrocytes, microglia and endothelial cells play a neuroprotective role. The accumulation of immune cells and the release of ROS, chemokines and cytokines leads to bloodbrain barrier damage, cerebral edema, neuronal cell death, and hemorrhagic transformation (Dirnagl et al., 1999) .
Protein misfolding and aggregation
Proper polypeptide folding is essential for normal protein conformation and function. When the newly synthesized polypeptide chain is misfolded, hydrophobic groups might be exposed on the surface, resulting in the aggregation of the protein (Giffard et al., 2004) . Protein aggregation is toxic to cells (Taylor et al., 2002) . Molecular chaperones help prevent protein aggregation, and they also facilitate protein degradation through the ubiquitin-proteasome system (Hershko and Ciechanover, 1998) . In pathological conditions, abnormal proteins exhaust the cell's capacity to keep them soluble and to degrade them, and may result in their aggregation (Bence et al., 2001) . After hypoxia or other severe stress, unfolded or misfolded proteins aggregate in the endoplasmic reticulum, blocking protein synthesis. Normal protein conformation is important for cellular homeostasis. Protein aggregation inhibits the functioning of the proteasome, further disrupting cell function. Protein aggregation is a feature of excitotoxic neuronal injury. Several studies have shown that protein misfolding, aggregation and destruction of organelles are the main neuropathological changes after hypoxic-ischemic brain injury (Salminen et al., 2016; Zhao et al., 2016) . Recent transmission electron microscopy (TEM) studies have revealed the presence of massive electron dense deposits in neurons undergoing delayed neuronal death after cerebral ischemia. These deposits represent aggregates of unfolded and misfolded proteins (Giffard et al., 2004; Hu et al., 2001 Hu et al., , 2004 Liu et al., 2004a Liu et al., , b, 2005a Liu et al., , b, 2010 Zhang et al., 2006; Ge et al., 2007) . Protein misfolding and aggregation in neurons are important pathogenetic features of neurodegenerative diseases, suggesting that the aggregation of misfolded proteins is the pathological basis of neuronal degeneration (Hardesty et al., 1999; Frydman, 2001) .
Why does protein misfolding and aggregation occur after hypoxic-ischemic brain injury? Only if the polypeptide chain folds correctly into its final 3-dimensional structure can it perform its normal biological functions. The folding of nascent polypeptide chains occurs as they exit the ribosome, in a process called co-translational folding (Siesjo and Siesjo, 1996; Hardesty et al., 1999; Frydman, 2001; Hartl and Hayer-Hartl, 2002) . The hydrophobic groups of nascent polypeptide chains are exposed, which can, under the influence of hydrophobic forces, easily lead to misfolding. The normal co-translational folding process requires the following (Ito and Nagata, 2016) (Figure 1): (1) molecular chaperones, which assist the normal folding process; (2) auxiliary proteins; and (3) energy. Under normal circumstances, when newly synthesized peptide chains misfold and aggregate, they are immediately degraded by the ubiquitin-proteasome system or by the autophagy pathway. Any abnormal protein folding or degradation may lead to protein aggregation and delayed neuronal death.
Molecular chaperones, which regulate the folding process, can identify and shield hydrophobic groups of unfolded proteins and prevent their aggregation under normal conditions. Molecular chaperones and their auxiliary proteins play important roles in the regulation of protein folding, transportation, assembly and degradation (Weiss et al., 2016) . Heat shock protein 70 (HSP70) and its auxiliary protein, HSP40, play important roles in protein synthesis. The HSP70 family includes HSC70 and inducible HSP70 in mammalian cells. Under normal conditions, HSC70 is a major auxiliary protein in the co-translational folding process. Together with HSP40, HSC70 identifies the nascent peptide to assist its correct folding and transportation. When the synthesis of a domain of the polypeptide chain is completed, HSC70 dissociates and enters the next cycle, continuing to assist protein synthesis. This process is adenosine triphosphate (ATP)-dependent. If the intracellular ATP level falls below 80% of normal, such as after ischemia and hypoxia, intracellular ATP-dependent regulatory activities terminate or slow down, including co-translational folding, ubiquitin-proteasome-mediated degradation and autophagy (Siesjo and Siesjo, 1996; Huang et al., 2016) . eventually leading to the aggregation of misfolded nascent peptide chains. Several recent studies have shown that the accumulation of nascent peptides after hypoxic-ischemic brain injury results in abnormal protein aggregation, irreversible protein synthesis dysfunction and irreversible organelle damage (Figure 2) .
Apoptosis
The mechanisms of apoptosis in hypoxic-ischemic brain injury are summarized below.
Mitochondrial (intrinsic) apoptotic pathway
Under mitochondrial stress, the pro-apoptotic protein Bax increases the permeability of the mitochondrial outer membrane, thereby releasing cytochrome c, Smac/Diablo, HtrA2/ Omi and apoptosis-inducing factor from the intermembrane space into the cytoplasm, leading to the formation of apoptotic bodies and DNA fragmentation (Parcellier et al., 2003; Johnston et al., 2011) .
The Fas receptor mediated (extrinsic) apoptotic pathway
In hypoxic-ischemic brain injury, nuclear factor kappa B (NF-κB) mediates microglial activation and the release of inflammatory factors (such as IL-1β and IL-6, IL-8, tumor necrosis factor (TNF)-α, TNF-β, macrophage inflammatory protein (MIP)-1 and MIP-2) (Marcinkiewicz et al., 1995; Szaflarski et al., 1995; Hagberg et al., 1996; O'Neill and Kaltschmidt, 1997; Vodovotz et al., 1999; Bando et al., 2003; Johnston et al., 2011) . Activation of the cell surface Fas re-ceptor by its cognate ligands results in the sequential activation of caspase-8 and caspase-3, DNase activation, and DNA fragmentation (Johnston et al., 2011) .
Endoplasmic reticulum stress-mediated apoptotic pathway
Hypoxic-ischemic brain injury leads to protein aggregation. High abnormal protein levels produce endoplasmic reticulum stress, which results in cell membrane dysfunction, the accumulation of intracellular calcium, and the induction of CHOP. This leads to a reduction in the expression of the anti-apoptotic protein bcl-2, which increases the permeability of the mitochondrial membrane, initiating the mitochondrial apoptotic pathway (Johnston et al., 2011) . At the same time, dysfunction of the endoplasmic reticulum causes the activation of caspase-12, which sequentially activates caspase-9 and caspase-3, eventually leading to nuclear DNA cleavage and the induction of apoptosis (Morishima et al., 2002) .
Treatment of Hypoxic-Ischemic Brain Injury
For nearly half a century, much attention has been given to treatment of hypoxic-ischemic brain injury associated with HIE. With advances in our understanding of pathogenesis, an increasing number of treatments have been developed.
Hypothermia
The temperature of the brain is closely related to cerebral metabolic rate and cerebral blood flow. Each 1° Celsius reduction in body temperature decreases brain metabolic rate by 6-7% (Nel et al., 2009 ). In addition to reducing oxygen and energy consumption, protecting the blood-brain barrier and alleviating cerebral edema, hypothermia decreases EAA release (Kim et al., 2011) , glutamate antiporter expression, the generation of NO and free radicals, phosphorylation of the NMDA receptor, inflammation and apoptosis (Chao et al., 2010) .
Hypothermia has been widely used to treat neonatal HIE. It also exerts neuroprotective effects on acute ischemic stroke, although there is a lack of adequate clinical research evidence (Han et al., 2015) . A meta-analysis study comparing the therapeutic effects of hypothermia with systemic support treatment shows that hypothermia can increase the survival rate of children with moderate to severe HIE and promote the development of the nervous system (Tagin et al., 2012) . Hypothermia therapy has also been shown to be neuroprotective after recanalization for ischemia-reperfusion injury (Han et al., 2015) .
Medical treatment
Developing treatments for hypoxic-ischemic brain injury requires the continued exploration of the underlying pathogenesis. The following drug categories have been developed: anti-excitotoxic (sedative hypnotic agent, inert gas xenon, magnesium sulfate), anti-inflammatory and anti-oxidant (cromolyn sodium, N-acetylcysteine, minocycline, melatonin), erythropoietin (EPO), and growth factors (nerve growth factor, insulin-like growth factor-1, brain-derived neurotrophic factor) (Johnston et al., 2011) . Here, we discuss several promising drug treatments for hypoxic-ischemic brain injury.
Inert xenon gas
The inert gas xenon is an NMDA receptor antagonist. It plays a role in neuroprotection by interfering with the excitotoxic cascade, and it also acts on ion channels, reducing the release of neurotransmitters (Johnston et al., 2011) . Xenon can easily traverse the blood-brain barrier and exert a rapid effect (Baumert et al., 2016) . Animal experiments have shown that xenon inhalation combined with hypothermia therapy for hypoxic-ischemic brain injury doubled the therapeutic efficacy relative to monotherapy (Johnston et al., 2011) . Dingley et al. (2014) published the results of a clinical trial on the treatment of neonatal HIE using xenon combined with hypothermia, demonstrating its clinical efficacy (Johnston et al., 2011) .
Melatonin
Melatonin can be used as a free radical scavenger. Addition- Protein domains can fold into stable tertiary structures while they are synthesized by the ribosome in a process known as co-translational folding. Figure 2 The relationship between protein synthesis, ATP and molecular chaperones. HSC70 is a major auxiliary protein in the co-translational folding of proteins. In synergy with HSP40, HSC70 identifies the nascent peptide to assist its correct folding and transportation, and when the synthesis of a domain of the polypeptide chain is completed, HSC70 dissociates and enters the next cycle, continuing to assist protein synthesis. This process is ATP-dependent. ATP: Adenosine triphosphate; HSP: heat shock protein; HSC: heat shock cognate protein; ADP: adenosine diphosphate; HI: hypoxia-ischemia.
ally, it can reduce inflammatory factor release and activate antioxidant enzymes, such as glutathione peroxidase, glutathione reductase and superoxide dismutase (Lee et al., 2007) . Aly et al. (2015) used hypothermia in combination with melatonin to treat neonatal asphyxia in the perinatal stage and showed that melatonin can ameliorate brain injury, compared with hypothermia alone.
Erythropoietin (EPO)
EPO can play a neuroprotective role through a variety of mechanisms. Sun et al. (2005) demonstrated that EPO binds with the EPO receptor of astrocytes and microglial cells, and has an anti-inflammatory effect. Sakanaka et al. (1998) found that EPO inhibits NO-mediated apoptosis and reduces excitotoxic damage. Additionally, EPO promotes repair after injury by regulating neuronal genesis and differentiation (Lee et al., 2007) . A pilot clinical study in 2015 demonstrated that EPO combined with hypothermia therapy for the treatment of hypoxic-ischemic brain injury in neonates was safe and effective (Lee et al., 2007) .
Hypoxic-ischemic preconditioning
Hypoxic-ischemic preconditioning refers to a protective therapeutic strategy, in which the subject is exposed to a short-term hypoxic-ischemic stress prior to an upcoming long period of hypoxic-ischemic insult. In a study by Gustavsson et al. (2005) , rats were exposed to 8% oxygen (hypoxia) for 3 hours before hypoxic-ischemic brain injury. Brain injury was substantially alleviated and long-term cognitive function was also greatly improved in rats subjected to hypoxic-ischemic preconditioning, compared with control rats (Gustavsson et al., 2005) . The neuroprotective mechanisms of hypoxic-ischemic preconditioning remain unclear. However, NMDA receptors, glutamate receptors, ATP-dependent potassium channels and G-protein-coupled adenosine receptors appear to be involved in the neuroprotection conferred by hypoxic-ischemic preconditioning (Lee et al., 2007) . Hypoxic-ischemic preconditioning also increases endogenous anti-oxidant and anti-apoptotic capacity, increases brain glycogen and slows down energy depletion following hypoxic-ischemic insults (Brucklacher et al., 2002) .
Molecular Chaperones and Hypoxic-Ischemic Brain Injury

Molecular chaperones
The term "molecular chaperones" was first coined by Laskey (1987) . Molecular chaperones were defined as nucleoplasmin that binds to histones and participates in nucleosome assembly. Later studies showed that molecular chaperones are ubiquitously present in organisms, both in prokaryotes and eukaryotes. Molecular chaperones assist in proper protein folding, assembly, transport, degradation and inhibition of protein aggregation (Brucklacher et al., 2002) , helping to maintain cellular homeostasis. Molecular chaperones are also involved in DNA synthesis and transcription. Molecular chaperones participate in the regulation of the cell cycle, have anti-senescence effects, and regulate apoptosis. Parcellier et al. (2003) found that when brain tissue is subjected to ischemia and hypoxia, the expression of numerous molecular chaperones is induced. Among these molecular chaperones, heat shock proteins (HSPs) are the most important (Parcellier et al., 2003) .
HSPs
HSPs were first discovered in Drosophila exposed to high temperature, accounting for their name. HSPs are induced by the heat shock response (HSR). The HSR is an adaptive response, characterized by changes in gene expression (Brucklacher et al., 2002) , following exposure to heat stress or other stressors, such as ischemia or hypoxia. HSPs prevent protein misfolding and aggregation (Brucklacher et al., 2002) . More recent studies have shown that other stress states, such as nutritional deficiencies, hypoxia and chemical toxicity, induce HSP expression as well. For this reason, HSP is also considered a stress protein. Under stress conditions, such as oxidative stress and inflammation, proteins are prone to misfold and aggregate. The aggregation of proteins can lead to many diseases, such as type 2 diabetes mellitus, cardiovascular disease and neurodegenerative diseases (Brucklacher et al., 2002) . HSPs assist in the proper folding of newly synthesized proteins, allowing for a proper final 3-dimensional structure. Furthermore, HSPs can help refold denatured proteins, unfold misfolded and unstable proteins, and assist in their degradation. Molecular chaperones are often classified according to their molecular weight and homology. Molecular chaperones are classified into several groups: Hsp110, Hsp90, Hsp70, Hsp60, the small HSPs and ubiquitin.
HSPs help maintain protein homeostasis after ischemia and hypoxia
After ischemia and hypoxia, or other severe stresses, unfolded proteins accumulate in the endoplasmic reticulum, inhibiting proteasomal and other cellular functions (Brucklacher et al., 2002) .
The HSP90 family members include HSP90α, HSP90β and glucose regulated protein 9 (GRP9). Numerous HSP90 members are expressed under physiological conditions, among which 1-2% are in the cytoplasm. Under stress conditions, HSP90 expression is greatly increased (Parcellier et al., 2003) , helping proteins such as steroid receptors, tyrosine kinases and serine/threonine kinases acquire their proper final conformation. The HSP70 family includes stress inducible HSP70, constitutive HSC70, mitochondrial HSP75 and GRP78. Under physiological conditions, HSP70 proteins assist in the proper folding of newly synthesized polypeptides, mediate the assembly of macromolecular complexes and the transmembrane transport of proteins (Brucklacher et al., 2002) . Under stress conditions, HSP70 assists in the proper folding of unfolded and misfolded proteins and helps in their degradation (Brucklacher et al., 2002) . Gupta et al. (2010) showed that HSP70 activates IRE1α in the endoplasmic reticulum, enhances expression of transcription factor XBP1 and regulates the expression of unfolded protein response-related genes, helping cells adapt to ER stress. HSP40 is an important accessory factor for HSP70, which promotes ATP hydrolysis (Brucklacher et al., 2002) .
Nearly 60% of HSP60 proteins are in the mitochondrial matrix, and 15-20% are found in the cytoplasm. Together with HSP10, HSP60 promotes the proper folding of proteins in the mitochondria, and degrades misfolded and denatured proteins in a process that consumes ATP (Parcellier et al., 2003) .
Small HSP family proteins are ATP-independent molecular chaperones. The human genome encodes 10 small HSPs that range in molecular weight from 12 to 42 kDa. Small HSPs can bind to unfolded or misfolded proteins and prevent their aggregation (Brucklacher et al., 2002) .
Anti-apoptotic effects of HSPs after hypoxic-ischemic brain injury
After hypoxic-ischemic brain injury, overexpression of HSP70 prevents the release of cytochrome c from mitochondria and the activation of casepase-9 by binding to Apaf-1, thereby blocking the caspase-dependent apoptotic pathway (Brucklacher et al., 2002) . Overexpression of HSP70 can also block the caspase-independent apoptotic pathway by binding to apoptosis-inducing factor (AIF) (Brucklacher et al., 2002) . Furthermore, overexpression of HSP70 upregulates the expression of cellular Fas-associated death domain-like interleukin-1β converting enzyme inhibitory protein (cFLIP), inhibits caspase-8, and blocks the Fas receptor-mediated extrinsic apoptotic pathway (Brucklacher et al., 2002) . Furthermore, overexpression of HSP70 inhibits NO synthetase and suppresses the production of oxygen radicals, such as NO, OH − , ONOO − and O 2− (Brucklacher et al., 2002) . HSP70 can inhibit JNK, activate IRE1α, promote the production of transcription factor XPB1 and inhibit the endoplasmic reticulum stress-mediated apoptotic pathway (Brucklacher et al., 2002) .
Glucose regulated proteins (GRPs), such as GRP78, are a family of highly conserved proteins that help cells cope with endoplasmic reticulum stress. Under hypoxic-ischemic conditions, cellular energy depletion causes the accumulation of unfolded and misfolded proteins in the endoplasmic reticulum, triggering the unfolded protein response and increasing GRP78 expression (Brucklacher et al., 2002) . GRP78 prevents aggregation by binding to the denatured proteins, and it also binds transiently to newly synthesized polypeptides by noncovalent bonds to facilitate the proper folding of newly synthesized proteins. It is also involved in the folding and extension of proteins and the assembly of protein complexes. Additionally, GRP78 helps in the elimination of abnormal proteins by transporting them to the protein degradation system in the endoplasmic reticulum. Furthermore, GRP78 inhibits caspase-9 and caspase-12 to block the endoplasmic reticulum-mediated apoptotic pathway (Brucklacher et al., 2002) .
The anti-apoptotic function of HSP60 varies based on cellular localization. Experiments in Hela and Jurkat cells show that HSP60 in the mitochondria activates caspase-3 and induces apoptosis (Brucklacher et al., 2002) . However, following ischemia/reperfusion injury to cardiomyocytes, cytosolic HSP60 binds to the pro-apoptotic proteins Bax and Bak to exert an anti-apoptotic effect (Brucklacher et al., 2002) .
The anti-apoptotic function of HSP90 is controversial. The function of HSP90 varies based on the apoptotic inducers. In the monocytic cell line U937, overexpressed HSP90 increases apoptosis in cells exposed to cycloheximide and TNF-α (Brucklacher et al., 2002) . However, in cells exposed to staurosporine, overexpressed HSP90 inhibits the formation of apoptotic bodies by binding to Apaf-1, thereby inhibiting apoptosis (Brucklacher et al., 2002) . In addition, overexpressed HSP90 can bind to phosphorylated serine/ threonine kinase Akt/PKB to protect against inactivation by dephosphorylation. Phosphorylated Akt/PKB promotes the phosphorylation of the pro-apoptotic proteins Bax and caspase-9, and blocks the mitochondrial apoptotic pathway (Brucklacher et al., 2002) .
GRP94 is a member of the HSP90 family. It inhibits the activation of caspase-3 and calpain, maintains intracellular calcium homeostasis, and blocks the caspase-3-dependent apoptotic pathway to protect neurons (Brucklacher et al., 2002) .
HSP27 is a small HSP. Overexpressed HSP27 inhibits the production of oxygen radicals (Brucklacher et al., 2002) , stabilizes actin microfilaments in the cells (Brucklacher et al., 2002) , inhibits the release of cytochrome c, blocks the formation of apoptotic bodies, and suppresses the activation of caspases, thereby inhibiting the mitochondrial apoptotic pathway (Brucklacher et al., 2002) . In addition, phosphorylated HSP27 can directly interact with Fas death domain-associated protein to inhibit the Fas-mediated apoptotic pathway (Brucklacher et al., 2002) . Hsp27 exhibits neuroprotective effects in the nervous system (Kato et al., 1995; Badin et al., 2006; An et al., 2008) , for example, in rat models of cerebral ischemic preconditioning (Currie et al., 2000; Dhodda et al., 2004) . The inhibition of Hsp27 degradation mediated by autophagy-lysosome pathway was reported to be necessary for neuronal survival after transient global cerebral ischemia (Zhan et al., 2016) . Zhan et al. (2016) also showed that posttranslational modification of Hsp27 was significant in mediating neuroprotection after hypoxic post-conditioning. These findings offer a solid foundation for targeting an inherent regulatory mechanism of Hsp27 for therapeutic development and broke a new path to exploring the neuroprotective role of hypoxic post-conditioning against ischemic brain injury.
Conclusion and Future Perspective
HIE occurs when the brain is subjected to hypoxic/ischemic conditions. HIE results in neuronal death and neurological deficits and has a poor prognosis. Many treatment methods for hypoxic-ischemic brain injury have been developed over the past half century. Among these, the therapeutic use of HSPs is the most promising. HSPs play a key role in neuroprotection by maintaining protein homeostasis and by regulating apoptosis. Neurons can be protected by up-regulating the expression of HSPs or reducing the degradation of HSPs using a protein synthesis inhibitor such as cycloheximide. In the near future, HSPs may be used clinically to prevent or treat HIE in the early stage to reduce brain injury. 
